We investigated the effects of hyperthermia on the healing process of experimental Pseudomonas corneal ulceration (PCU). Hartley guinea pigs were used to develop animal models of PCU. As a heat source, disposable chemical pocket warmers were applied. The healing process of PCU was compared between the heat-treated corneas and the control corneas. The severity of infection and the degree of angiogenesis were classified by a clinical scoring system. The animals were euthanized 14 days after infection and the corneas were submitted for histopathological examination. The expression of vascular endothelial growth factor (VEGF) was examined immunohistochemically. Comparative reverse transcription polymerase chain reaction was performed to measure the expression level of VEGF in the cornea. Hyperthermia significantly promoted corneal epithelization and neovascularization in the PCU model. Heat treatment significantly decreased the number of viable Pseudomonas organisms present in PCU. On immunohistochemistry, the heated cornea demonstrated more intense staining for VEGF. Comparative reverse transcription polymerase chain reaction showed upregulation of the expression level of VEGF mRNA in the heat-treated cornea. Hyperthermia accelerated the healing process of PCU with increased corneal neovascularization. Angiogenesis may play an important role in the PCU healing process, which is enhanced by the heat treatment.
Introduction
Pseudomonas aeruginosa is a common opportunistic pathogen which is frequently isolated from patients, particularly soft contact lens users with corneal infections. Pseudomonas keratitis progresses rapidly and develops corneal ulceration, resulting in severe damage to the corneal tissue [1] [2] [3] [4] [5] [6] . It is known that P. aeruginosa becomes sensitive to antibiotics when grown and tested at a high temperature [7, 8] . This increased sensitivity to antibiotics is in part due to changes in the composition of lipopolysaccharide of the bacterial cell wall, which affects the permeability properties of the outer cell wall [7] .
In general medicine, hyperthermia has been used to treat many diseases, to improve peripheral blood flow and tissue metabolism as well as to reduce pain and spasm [9] [10] [11] . Warm compress is one of the methods to care for the wounds, a technique still in use in some areas of the world's major population [11] [12] [13] [14] . Disposable chemical pocket warmers and noncontact radiant heat bandages have been used to process local hyperthermic treatment in various infectious and malignant diseases [12, 13, 15, 16] .
Recent studies have shown that warming treatment improved the healing of acute and chronic wounds [12, 13, 17, 18] . Local warming is known to increase microcirculatory perfusion, which enhances the uptake of oxygen and nutrients to the wound bed and stimulates cell growth [9, 10] . Lee et al. [12] showed that local heat does not increase bacterial counts in an infected ischemic wound. Xia et al. [19] demonstrated that heating influenced fibroblast growth and improved wound healing.
In ophthalmology, heating devices have also been used to treat tumors and benign conditions, including meibomian gland dysfunction, chalazion, and seborrheic blepharitis [14, 20] . In Asian countries such as Japan, Korea, and Taiwan, a traditional eye-warming instrument has long been used to treat hordeolum, meibomian gland obstruction, and acute conjunctivitis [14, 21] . There has been no study, however, on the possible role of heating in the treatment of corneal ulcer. In this study, we investigated the influence of heating on the healing process of experimental Pseudomonas corneal ulcer (PCU). We also analyzed the expression level of vascular endothelial growth factor (VEGF), the most important specific mediator of angiogenesis, to evaluate the possible association of hyperthermia and VEGF in the healing of ulceration.
Materials and Methods

Animals
Seven-to eight-week-old male Hartley guinea pigs (SLC, Shizuoka, Japan) were used. All animals used in this study were maintained and handled in accordance with the Association for Research in Vision and Ophthalmology Statement for Use of Animals in Ophthalmic and Vision Research. The animals were deeply anesthetized with an intramuscular injection of sodium barbital (20 mg/kg body weight). Topical anesthesia was achieved with proparacaine hydrochloride eye drops.
Mechanical Corneal Ulcer
Five animals (10 eyes) were used to confirm the consistency of the dimension and depth of mechanical corneal ulcer. The mechanical ulcer was created using an electric drill (Microgrinder UC210; Minitor, Japan) with a diamond bar. The surface area applied to the center of the cornea was 1 mm in diameter. The depth of the corneal ulcer was monitored by observing the peeling off of the epithelium during scarification. The dimension of the ulcer was measured with calipers. Thereafter, tissue sections were prepared to examine these lesions by microscopy.
PCU and Heat Treatment
Ten animals (10 eyes) were used to develop an experimental model of PCU. The center of the corneal epithelium was scarified with an electric drill and a lesion approximately 2 mm in diameter was created. The scarified cornea was inoculated with 1 ! 10 5 colonyforming units of P. aeruginosa, strain ATCC 27853, growing in log phase [22] . The development of infectious corneal ulcer was confirmed 24 h after infection. Five animals were used as controls.
Portable thermometer PTW-301 (Unique Medical, Japan) with a thermosensor (PTW-300) was used to measure corneal temperature. PTW-301 is sensitive to temperatures between 0 and 50°C with a resolution of B0.01°C and the thermosensor in contact with cornea can measure 0.15 mm in diameter.
As a source of heat, disposable chemical pocket warmers (Mycoal Co., Japan) were used. The chemical pocket warmer contains alkaline sulfide and iron carbide, and when removed from their airtight pouches, they react with the atmospheric oxygen and generate heat. Their dimensions are 9 ! 5.5 cm. The pocket warmer was wrapped in a layer of gauze and applied to the closed eyes of animals. The temperature on the cornea was raised to 41.76 B 0.44°C, and each pocket warmer remained active for 4 h. All measurements were performed in an air-conditioned room with a constant temperature (23 B 1°C), humidity (55 B 10%), and brightness.
The pocket warmer was held attached to the animal's eyes with adhesive tapes. The guinea pigs were awake while these warmers were applied to the closed eyes.
The levofloxacin 5% eye drops were instilled every 30 min from 8 to 12 o'clock (nine times a day) for 14 days. After administration of an antibiotic, the heat group was submitted to hyperthermia for 4 h. The control group underwent similar procedures, except for the heat treatment.
Clinical Examination
The severity of conjunctivitis, corneal ulcer, corneal opacity, and degree of angiogenesis were observed and classified by the clinical scoring system, which was based on the system of the Association of Food and Drug Officials of the United States (table 1) [23] . The severity of conjunctivitis was evaluated as the sum of scores for conjunctival injection, chemosis, and discharge. The animals were examined every day, and clinical scores were recorded. The statistical analysis to evaluate significant differences between the two groups was made using the repeated-measures ANOVA. A p value less than 0.05 was considered significant.
On day 14, the animals were euthanized with an injection of sodium pentobarbital. Whole eyes were enucleated and fixed in 10% buffered neutral formalin and embedded in paraffin. Tissue sections were prepared with 2 Ìm thickness and stained with hematoxylin and eosin (HE). Sections were examined for corneal thickness, presence of inflammatory infiltrates and neovascularization.
Immunohistochemical Staining
Two eyes heated for 4 h without PCU were enucleated, fixed in 10% buffered neutral formalin, embedded in paraffin, and cut into 2-Ìm-thick sections for immunohistochemical analysis. After remov-Nanbu/Wakabayashi/Yamashita/Hayashi/ Hisano/Oshika al of paraffin with xylene, the sections were irradiated with microwave in citrate buffer at pH 6.0. The sections were incubated overnight at 4°C with polyclonal rabbit anti-VEGF antibody (Santa Cruz Biotechnology, Calif., USA). Negative controls were obtained by omitting the primary antibody. After rinsing with PBS, a biotinylated goat antirabbit immunoglobulin G was used for accentuation. Processing was performed by means of streptavidin-biotinylated horseradish peroxidase complex using diaminobenzidine staining, and the sections were recorded under a Zeiss Axiophot light microscope (Oberkochen, Germany).
Comparative Reverse Transcription Polymerase Chain Reaction
The corneal epithelium was removed from the intact or heated cornea by scraping the ocular surface gently with a sterile razor blade and immediately snap-frozen. Total RNA was extracted using SV Total RNA Isolation System (Promega, Wisc., USA). Complementary DNA was synthesized with Superscript II™ reverse transcriptase (Invitrogen, Calif., USA). Two animals (4 eyes) were used.
Comparative polymerase chain reaction was performed using a LightCycler rapid thermal cycler system (Roche Diagnostics Ltd., Mannheim, Germany) according to the manufacturer's instructions. In brief, the reaction was performed in a 20-Ìl volume with 10 ÌM primers. Nucleotides, Taq DNA polymerase and buffer were included in the QuantiTect™ SYBR ® Green PCR Master Mix (Qiagen, Calif., USA).
PCR primers were selected from guinea pig VEGF and actin cDNA sequence (GenBank accession No. M84230 and AF508792, respectively). The sequences for the amplification of VEGF cDNA (126 bp) were: GCTGCTGTAACGACGAGAGT (forward), and TGCTGTGCTGAGGAAACT (reverse). The primer sequences to amplify ß-actin gene (212 bp) were: CTCTATGCCAACACAGT-GCT (forward), and TCGTACTCCTGCTTGCTGAT (reverse).
As an internal control, the relative mRNA levels of the housekeeping gene, ß-actin, were measured in the normal and heated tissues. No differences in ß-actin mRNA levels between the groups were found.
The quantification data were analyzed with the LightCycler analysis software and statistical analysis to evaluate significant differences between the two groups was made using Student's t test. A p value less than 0.05 was considered significant.
Determination of the Number of Viable Pseudomonas Organisms
Six animals (12 eyes) were used to develop PCU models as per the protocol. Heat treatment without antibiotics was performed for 3 days. The control group underwent similar procedures, except for the heat treatment. The cornea was collected and homogenized in PBS solution. Serial dilutions were then made and cultured on agar plate. Inoculated plates were incubated at 37°C for 12 h. Bacterial counts were done to assess the effect of heat treatment on the number of viable Pseudomonas organisms present in the corneal ulcer.
Results
Mechanical Corneal Ulcer
By the application of an electric drill to the cornea, lesions with 1.7-2.0 mm in diameter were consistently created. Microscopic examination demonstrated that the corneal epithelium was completely removed in all sections and the corneal stromal tissue was preserved.
Clinical Examination
Following mild scarification and infection of the cornea with P. aeruginosa, development of infection was confirmed 24 h after infection in all animals. The severity of conjunctivitis and corneal lesions in these models reached their peaks on day 2 in both groups, with intense inflammatory conjunctival signs, corneal opacification, and corneal ulcer greater than 3 mm in diameter ( fig. 1A, E) . On day 3, evidence of angiogenic sprouting from limbal vessels was seen in the heated group ( fig. 1B) but not in the control group (fig. 1F) . The vascular sprouting appeared on day 5 in the control group. Conjunctival sign was not apparent and epithelization was noted over the ulcer area in the heated group on day 7 ( fig. 1C) . The control group still presented irregular epithelium ( fig. 1G) , and com- Fig. 1 . Progression of PCU in guinea pig's cornea. A-D Control eyes. E-H Heat-treated eyes. On day 2 (A, E), clinical signs in both groups reached their peaks, with intense conjunctival inflammatory signs, corneal opacity, and ulcer dimension. On day 3 (B, F), angiogenic sprouting (arrow) was evident in the heat-treated cornea. On day 7 (C, G), the reconstruction of corneal epithelium was observed in the heat-treated cornea and angiogenesis extended to the central region. Epithelization was not complete in the control eye where ulcer was still observed (arrowhead). On day 14 (D, H), the corneal haze and neovascular vessels were still recognized in both groups.
plete epithelization was observed on day 9. The corneal haze and neovascularization were still recognized in both groups on day 14 ( fig. 1D, H) .
As for the clinical scorings, the heated group showed less intensive inflammatory signs in the conjunctiva ( fig. 2A) and the difference between the two groups was statistically significant on days 2, 3, 6, 7, and 8. Faster epithelization of the corneal ulcer was observed ( fig. 2B ) with a significant difference from days 4 to 9. Furthermore, a significant intergroup difference was observed in the extent of corneal opacity ( fig. 2C ) on days 5, 6, 8, and 9. Angiogenesis rapidly advanced to the central cornea, with the maximal extent on day 6 in the heated group ( fig. 2D) , which was maintained for 5 days. Then, neovascular vessels gradually disappeared after day 8 in the control group and after day 11 in the heated group. A statistically significant difference was observed in the neovascularization scoring, on days 3, 4, 6, 7, 10, and 11.
HE staining of the cornea on day 14 showed that the corneal epithelium was reconstructed in both groups with 2-3 layers of epithelial cells covering the ulcer bed. However, a significant difference was observed in the epithelial thickness between the two groups ( fig. 3) . The control group presented uneven thickness of the corneal epithelium ( fig. 3A, B) . Disarrangement of fiber layer in the corneal stroma and dense inflammatory infiltrates consisting predominantly of macrophages were intense in the control group, leading to scar formation and opacification in the PCU area. In both groups, neovascular vessels and inflammatory cells were still present in the corneal stroma on day 14, but neovascularization was abundantly found in the heated group ( fig. 3C, D) .
Immunohistochemical Staining
To investigate the level of VEGF, corneal sections were labeled with VEGF antibody. In the control cornea, specific staining for VEGF was found over the entire epithelium. Staining was most intense in the basal layer of the epithelial cells (fig. 4A ). The heated corneas showed greater staining of VEGF than the control corneas, especially above the basal cell layer (fig. 4B) . The negative controls, without the primary antibody, did not show any significant staining in the tissue (fig. 4C ). A Conjunctive score -sum of scores for conjunctival injection, chemosis, and discharge. B Ulcer score. C Corneal opacity score. D Neovascularization score. Fig. 3 . HE staining of the cornea on day 14. A, B Control eyes. C, D Heat-treated eyes. The corneal epithelium was reconstructed in both groups, but the thickness was irregular in the control eyes. Disarrangement of fiber layer in the corneal stroma was more intense in the control cornea. Neovascular vessels (arrow) were more frequently observed in the heated eyes, but the control eyes presented more inflammatory cells (arrowhead) infiltrating the corneal stroma.
Comparative Reverse Transcription Polymerase Chain Reaction
The level of VEGF in the heated cornea was three times higher than that in the control cornea ( fig. 5) . The difference between the two groups was statistically significant (p ! 0.05).
Determination of the Number of Viable Pseudomonas Organisms
Heat treatment significantly decreased the number of viable Pseudomonas organisms present in PCU (fig. 6) . The difference between the two groups was statistically significant (p ! 0.05).
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Discussion
The present study explored the influence of hyperthermia on the wound healing of an experimental PCU model. Although local heat has been used for the treatment of numerous infectious and noninfectious diseases [12, 13, [18] [19] [20] [21] , the effect of hyperthermia in controlling corneal wound has not been studied. Based on the belief that a heated environment accelerates bacterial growth, the use of local heat in an infected wound has been avoided [11] . In a recent study, Lee et al. [12] concluded that local heating can control bacterial growth in an infected ischemic wound. Moreover, preoperative warming of the operative incision site significantly lowered the incidence of infection after clean operations [24] , and hyperthermia increased the sensitivity of bacteria to antibiotics [7, 8] .
Local heating increases microcirculatory perfusion and consequently decreases inflammatory response [9, 10] . As shown in our study, hyperthermia decreased bacterial growth and helped to reduce the inflammatory signs of the conjunctiva. The wound healing process and epithelization of PCU were accelerated in the heat-treated cornea. A number of possible mechanisms contributing to the enhanced healing by hyperthermia had been suggested, including biochemical modifications of wound fluid and improved oxygen tension [10] . It has been shown that warming treatment improved the healing of chronic venous stasis ulcers [13] . Fibroblast proliferation was stimulated by intermittent heating in vitro, and the heat prevented the decrease in growth of quiescent fibroblasts [18] .
In the present study, antibiotics were used to control too much aggravation of PCU, leading to corneal perforation and/or endophthalmitis. The use of antibiotics also enabled a uniform healing process in our models.
Neovascularization was induced during the healing process in PCU, which was accentuated by hyperthermia. The mechanisms by which PCU is accompanied by corneal angiogenesis are not fully understood. Several studies have shown that VEGF is an important specific mediator of angiogenesis. VEGF is normally present in the corneal epithelium and is thought to contribute to corneal neovascularization after injury and regulation of wound healing [15, [25] [26] [27] [28] . This protein is a functional endogenous angiogenic factor required for inflammatory neovascularization [15, 25, 27, [29] [30] [31] [32] [33] . Increased expression of VEGF was found in the inflamed and vascularized corneas compared with the normal corneas [15, [34] [35] [36] [37] [38] .
It has been shown that hyperthermia enhanced accumulation of constitutive heat shock protein mRNA in the ocular tissue [39] and consequently it stimulated the production of VEGF [40] . Furthermore, hypoxia caused by heat-induced vascular damages may be attributable to increased expression of VEGF [28, [40] [41] [42] . We observed increased expression of VEGF in the heated corneal epithelium, compared with the normal cornea. It seems that hyperthermia promoted the synthesis and expression of VEGF in guinea pig's cornea.
Corneal neovascularization is usually considered as an unwanted event because abnormal angiogenesis often results in marked impairment of vision [29] [30] [31] [32] [33] [34] 38] . This consideration could also be a discord in the healing of corneal inflammation, since neovascular vessels are necessary to maintain the irrigation of the wound bed and to stimulate cell growth [9, 10, 15, 20] . In our study, there was no intergroup difference in the degree of corneal opacity on day 14. Thus, it appears that high temperature stimulated angiogenesis during the healing process but hyperthermia by itself did not increase corneal opacity by proliferation of neovascular vessels.
In conclusion, the current study demonstrated that heat treatment reduced conjunctival inflammation and promoted wound healing in experimental PCU. The heating induced more intense and prolonged neovascularization in the cornea. Such observations indicate that the heating might be effective to enhance wound healing in PCU by accelerating and sustaining corneal angiogenesis that irrigates the ulcer bed.
